METHOD FOR MAKING A MOLDED CALCIUM PHOSPHATE ARTICLE 



Field of the Invention 

The present invention is related to a calcium phosphate article for use as 
medical implant, and in particular to a method of making a molded calcium 
phosphate block having a superior compressive strength for use as medical 
implant. 

Background of the Invention 

It is advantageous if a bone implant is bioresorbable and is supportive at 
the same time. Accordingly, an article made of calcium phosphate will be 
preferable than that made of a metal, if the former has strength which is 
comparable to a human cortical bone. One way of making such a bone implant 
made of calcium phosphate is by sintering a calcium phosphate, particularly a 
hydroxyapatite (HA), powder into a block material at a temperature generally 
greater than 1000°C. Despite the fact that the high temperature-sintered HA 
block material has an enhanced strength, the bioresorbability of the material is 
largely sacrificed, if not totally destroyed, due to the elimination of the micro- 
and nano-sized porosity during the sintering process. 

Summary of the Invention 

A primary objective of the invention is to provide a calcium phosphate 
article or block for use as a bone implant, which is free from the aforesaid 
drawbacks in the prior art. 

This objective is accomplished by providing a novel method for making a 
calcium phosphate article, which involves impregnating an article molded from a 
paste of calcium phosphate cement (CPC) in a liquid for a period of time, so that 
the compressive strength of the CPC block is significantly improved after 
removing from the liquid. 

Features and advantages of the present invention are as follows: 

1 . The calcium phosphate block made according to the present invention 
can transform into an apatite-dominated material shortly after immersion in 



physiological solution or after implantation. 

2. The calcium phosphate block made according to the present invention 
exhibits a high strength comparable to that of human cortical bone (about 
110-170 MPa). The strength is adjustable by adjusting process parameters. 
5 3. The calcium phosphate block made according to the present invention 

possesses a significant amount of micro- and nano-sized porosity, that improves 
bioresorbability thereof. Conventional high temperature-sintered HA block, on 
the other hand, does not possess sufficient micro/nano-sized porosity and is not 
bioresorbable. 

10 4. The resorption rate is adjustable by adjusting process parameters. 

5. Any complicated-shaped article can be easily fabricated with no need of 
machining. Once a mold of desired size and shape is prepared, mass production 
is easy. 

6. A wide range of medical application includes bone dowel, spacer, cavity 
15 filler, artificial disc and fixation devices for spine and other locations, to name a 

few. 

Detailed Description of the Invention 

The present invention discloses a method for making a molded calcium 
20 phosphate article comprising impregnating a rigid shaped article of calcium 

phosphate with an impregnating liquid for a period of time so that a compressive 

strength of the resulting impregnated article removed from the impregnating 

liquid is increased compared to that of the rigid shaped article without said 

impregnating treatment. 
25 Preferably, the impregnating liquid is an acidic solution, a basic solution, 

a physiological solution, an organic solvent, or a substantially pure water. 

Preferably, the impregnating liquid comprises at least one of Ca and P sources. 

Preferably, the impregnating liquid is a Hanks' solution, a HC1 aqueous solution 

or an aqueous solution of (NH 4 ) 2 HP04. 
30 Preferably, the rigid shaped article of calcium phosphate is a molded 

article from a paste of calcium phosphate cement. 
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Preferably, the impregnating is carried out for a period longer than 10 
minutes, and more preferably for about 12 hours to 96 hours. 

Preferably, the impregnating is carried out at room temperature. 
According to one aspect of the present invention, a method for making a 
5 molded calcium phosphate article comprising the following steps: 

(a) preparing a powder comprising at least one Ca source and at least one 
P source, or at least one calcium phosphate source; 

(b) mixing said powder with a setting liquid to form a paste, wherein said 
paste undergoes a hardening reaction; 

10 (c) molding said paste into an article in a mold of a desired shape and size 

before said hardening reaction is complete; 

(d) impregnating the resulting hardened article from step (c) with an 
impregnating liquid to allow strength of said article to increase; and 

(e) removing said article from said impregnating liquid. 

15 Preferably, said calcium phosphate source in step (a) comprises one or 

more calcium phosphates selected from the group consisting of alpha-tricalcium 
phosphate (a-TCP), beta- tricalcium phosphate (p-TCP), tetracalcium phosphate 
(TTCP), monocalcium phosphate monohydrate (MCPM), monocalcium 
phosphate anhydrous (MCPA), dicalcium phosphate dihydrate (DCPD), 

20 dicalcium phosphate anhydrous (DCPA), octacalcium phosphate (OCP), calcium 
dihydrogen phosphate, calcium dihydrogen phosphate hydrate, acid calcium 
pyrophosphate, anhydrous calcium hydrogen phosphate, calcium hydrogen 
phosphate hydrate, calcium pyrophosphate, calcium triphosphate, calcium 
phosphate tribasic, calcium polyphosphate, calcium metaphosphate, anhydrous 

25 tricalcium phosphate, tricalcium phosphate hydrate, and amorphous calcium 
phosphate. 

Preferably, the calcium phosphate source comprises at least one calcium 
phosphate particle having calcium phosphate whiskers on the surface of said 
calcium phosphate particle, wherein said calcium phosphate whiskers have a 
30 length of about 1-5000 nm and a width of about 1-500 nm. 

Preferably, the setting liquid in step (b) is an acidic solution, a basic 
solution, or a substantially pure water. 
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An acidic solution suitable for use in the present invention is selected 
from the group consisting of nitric acid (HN0 3 ), hydrochloric acid (HC1), 
phosphoric acid (H3PO4), carbonic acid (H 2 C0 3 ), sodium dihydrogen phosphate 
(NaH 2 P0 4 ), sodium dihydrogen phosphate monohydrate (NaH 2 P0 4 »H 2 0), sodium 
5 dihydrogen phosphate dihydrate, sodium dihydrogen phosphate dehydrate, 
potassium dihydrogen phosphate (KH 2 P0 4 ), ammonium dihydrogen.phosphate 
(NH 4 H 2 P0 4 ), malic acid, acetic acid, lactic acid, citric acid, malonic acid, 
succinic acid, glutaric acid, tartaric acid, oxalic acid and their mixture. 

A basic solution suitable for use in the present invention is selected from 
10 the group consisting of ammonia, ammonium hydroxide, alkali metal hydroxide, 
alkali earth hydroxide, disodium hydrogen phosphate (Na 2 HP0 4 ), disodium 
hydrogen phosphate dodecahydrate, disodium hydrogen phosphate heptahydrate, 
sodium phosphate dodecahydrate (Na 3 P(V12H 2 0), dipotassium hydrogen 
phosphate (K 2 HP0 4 ), potassium hydrogen phosphate trihydrate (K 2 HP(V3H 2 0), 
15 potassium phosphate tribasic (K 3 P0 4 ), diammonium hydrogen phosphate 

((NH 4 ) 2 HP0 4 ), ammonium phosphate trihydrate ((NH 4 ) 3 P0 4 • 3H 2 0), sodium 
bicarbonate (NaHC0 3 ), sodium hydrogen carbonate (NaHC0 3 ), sodium 
carbonate Na 2 C0 3 , and their mixture. 

Step (c) of the method of the present invention preferably further 
20 comprises removing said article from said mold. 

Step (c) of the method of the present invention preferably further 
comprises removing a portion of liquid from said paste, so that a liquid/powder 
ratio of said paste decreases. 

Step (c) of the method of the present invention preferably further 
25 comprises pressurizing said paste in said mold, preferably between 1 and 500 
MPa, before said hardening reaction is complete to remove a portion of liquid 
from said paste, so that a liquid/powder ratio of said paste decreases. More 
preferably, step (c) further comprises heating said paste during said pressurizing. 
Step (c) of the method of the present invention preferably further 
30 comprises heating said paste during molding. 
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Step (d) of the method of the present invention preferably further 
comprises heating the impregnating liquid, preferably at a temperature between 
30 and 90°C during said impregnating. 

The method of the present invention may further comprise drying said 
5 article after removing said article from said impregnating liquid. 

The method of the present invention may further comprise heating said 
article, preferably at a temperature between 50 and 500°C, after removing said 
article from said impregnating liquid. 

The molded calcium phosphate article made according to the method of 
10 the present invention may be used as a medical implant or a reinforcing 
constituent of a composite. 

The following examples are intended to demonstrate the invention more 
fully without acting as a limitation upon its scope, since numerous modifications 
and variations will be apparent to those skilled in this art. 

15 

PREPARATIVE EXAMPLE 1: Preparation of TTCP Powder 

A Ca 4 (P0 4 ) 2 0 (TTCP) powder was prepared by mixing Ca 2 P20 7 powder 
with CaC0 3 powder uniformly in ethanol for 24 hours followed by heating to dry. 
The mixing ratio of Ca 2 P20 7 powder to CaC0 3 powder was 1:1.27 (weight ratio) 
20 and the powder mixture was heated to 1400°C to allow two powders to react to 
form TTCP. 

PREPARATIVE EXAMPLE 2: Preparation of conventional TTCP/DCPA-based 
CPC powder (abbreviated as C-CPC) 
25 The resulting TTCP powder from PREPARATIVE EXAMPLE 1 was 

sieved and blended with dried CaHP0 4 (DCPA) powder in a ball mill for 12 
hours. The blending ratio of the TTCP powder to the DCPA powder was 1 : 1 
(molar ratio) to obtain the conventional CPC powder. Particles of this C-CPC 
powder have no whisker on the surfaces thereof. 

30 

PREPARATIVE EXAMPLE 3: Preparation of non-dispersive TTCP/DCPA-based 
CPC powder (abbreviated as ND-CPC) 
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The TTCP powder prepared according to the method of PREPARATIVE 
EXAMPLE 1 was sieved and blended with dried CaHP0 4 (DCPA) powder in a 
ball mill for 12 hours. The blending ratio of the TTCP powder to the DCPA 
powder was 1:1 (molar ratio). The resultant powder mixture was added to a 25 
5 mM diluted solution of phosphate to obtain a powder/solution mixture having a 
concentration of 3 g powder mixture per 1 ml solution while stirring. The 
resulting powder/solution mixture was formed into pellets, and the pellets were 
heated in an oven at 50°C for 10 minutes. The pellets were then uniformly 
ground in a mechanical mill for 20 minutes to obtain the non-dispersive 
10 TTCP/DCPA-based CPC powder (ND-CPC). The particles of this ND-CPC 
powder have whisker on the surfaces thereof. 

EXAMPLE 1: Effect of immersion time on compressive strength of CPC block 
To a setting solution of 1M phosphoric acid solution (pH = 5.89) the 

15 ND-CPC powder from PREPARATIVE EXAMPLE 3 was added in a 

liquid/powder ratio (L/P ratio) of 0.4, i.e. 4 ml liquid/10 g powder, while stirring. 
The resulting paste was filled into a cylindrical steel mold having a length of 12 
mm and a diameter of 6 mm, and was compressed with a gradually increased 
pressure until a maximum pressure was reached. The maximum pressure was 

20 maintained for one minute, and then the compressed CPC block was removed 
from the mold. At the 15 th minute following the mixing of the liquid and 
powder, the compressed CPC block was immersed in a Hanks' solution for 1 day, 
4 days, and 16 days. Each test group of the three different periods of 
immersion time has five specimens, the compressive strength of which was 

25 measured by using a AGS-500D mechanical tester (Shimadzu Co., Ltd., Kyoto, 
Japan) immediately following the removal thereof from the Hanks' solution 
without drying. The CPC paste in the mold was compressed with a maximum 
pressure of 166.6 MP a, and in the course of the compression the compression 
speeds were about 5 mm/min during 0-104.1 MPa; 3 mm/min during 

30 104.1-138.8 MPa; 1 mm/min during 138.8-159.6 MPa: and 0.5 mm/min during 
159.6-166.6 MPa. The measured wet specimen compressive strength is listed 
Table 1. 
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Table 1 



Immersion time (Day) 


Compressive strength (MPa) 


Standard deviation (MPa) 


No immersion 


37.3* 


0.6 


1 day 


149.2 


12.9 


4 days 


122.7 


6.7 


16 days 


116.4 


7.7 



♦This value was measured before the compressed CPC blocks were immersed in 
the Hanks' solution, and it was substantially the same for the compressed CPC 



5 blocks not immersed in the Hanks' solution measured a few days after the 
preparation. 

It can seen from Table 1 that the compressive strength of the compressed 
CPC blocks is increased remarkably after one-day immersion in comparison with 
10 the non-immersed block, and declines a little for a longer immersion time. 

EXAMPLE 2: Effect of immersion solution on compressive strength of CPC 
block 

The procedures of EXAMPLE 1 were repeated except that the immersion 
15 solution was varied, and the maximum pressure used to compress the CPC paste 
in the mold was changed from 166.6 to 156.2 MPa. The immersion solutions 
used in this example were Hanks' solution (37°C, pH = 7), (NH 4 )2HP0 4 solution 
(37°C, pH = 8), and HC1 solution (37°C, pH = 4). The period of immersion was 
one day. The results are listed in Table 2. 

20 



Table 2 



Immersion solution 


Compressive strength (MPa) 


Standard deviation (MPa) 


Hanks' solution 


138.0 


8.2 


(NH 4 ) 2 HP0 4 


122.9 


3.1 


HC1 


141.7 


7.0 



The results in Table 2 show that all the three immersion solutions have 
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same level of effectiveness. 



EXAMPLE 3: Effect of whiskers on compressive strength of TTCP/DCPA-based 
CPC block 

5 The procedures of EXAMPLE 1 were repeated by using the C-CPC 

powder prepared in PREPARATIVE EXAMPLE 2 and the ND-CPC powder 
prepared in PREPARATIVE EXAMPLE 3. The maximum pressure used to 
compress the CPC paste in the mold in this example was 156.2 MPa. The 
results for one-day immersion time are listed in Table 3. 

10 



Table 3 



CPC powder 


Compressive strength (MPa) 


Standard deviation (MPa) 


C-CPC (no whisker) 


62.3 


5.0 


ND-CPC (with whisker) 


138.0 


8.2 



It can be seen from Table 3 that the compressive strength, 62.3 MPa, of 
the immersed compressed CPC block prepared from the conventional CPC 
15 powder (no whisker) is about 1.7 times of that (37.3 MPa) of the non-immersed 
compressed CPC block in Table 1, and the compressive strength, 138.0 MPa, of 
the immersed compressed CPC block prepared from the non-dispersive CPC 
powder (with whisker) is about 3.7 times of that of the non-immersed 
compressed CPC block in Table 1 

20 

EXAMPLE 4: Effect of whiskers on compressive strength of TTCP-based CPC 
block 

Ca 4 (P0 4 ) 2 0 (TTCP) powder as synthesized in PREPARATIVE EXAMPLE 
1 was sieved with a #325 mesh. The sieved powder has an average particle size 
25 of about 10 jam. To the TTCP powder HC1 aqueous solution (pH = 0.8) was 

added according to the ratio of Ig TTCP/ 13ml solution. The TTCP powder was 
immersed in the HC1 aqueous solution for 12 hours, filtered rapidly and washed 
with deionized water, and filtered rapidly with a vacuum pump again. The 
resulting powder cake was dried in an oven at 50°C. The dried powder was 
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divided into halves, ground for 20 minutes and 120 minutes separately, and 
combined to obtain the non-dispersive TTCP-based CPC powder, the particles of 
which have whisker on the surfaces thereof. A setting solution of diammonium 
hydrogen phosphate was prepared by dissolving 20 g of diammonium hydrogen 
5 phosphate, (NH 4 ) 2 HP0 4 , in 40 ml deionized water. The procedures in 

EXAMPLE 1 were used to obtain the wet specimen compressive strength for 
one-day immersion time, wherein the maximum pressure to compress the CPC 
paste in the mold was 156.2 MPa. The results are_shown in Table 4. 



10 Table 4 



CPC powder 


Compressive strength (MPa) 


Standard deviation (MPa) 


TTCP (no whisker) 


79.6 


8.8 


TTCP (with whisker) 


100 


4.2 



The trend same as in the TTCP/DCPA-based CPC powder in EXAMPLE 3 
can be observed in Table 4. 



15 EXAMPLE 5: Effect of molding pressure on compressive strength of ND-CPC 
block (in low pressure regime: 0.09-3.5 MPa) 

The procedures of EXAMPLE 1 were repeated except that the maximum 
pressure used to compress the CPC paste in the mold was changed from 166.6 
MPa to the values listed in Table 5. The period of immersion was one day. 

20 The results are listed in Table 5. 
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Table 5 



Pressure for compressing 
the CPC paste in mold 
(MP a) 


Compressive strength (MPa) 


Standard deviation (MPa) 


0.09 


12.3 


2.0 


0.35 


16.0 


2.3 


0.7 


20.7 


2.5 


1.4 


26.4 


1.4 


3.5 


35.2 


3.7 



The data in Table 5 indicate that the compressive strength of the CPC 
block increases as the pressure used to compress the CPC paste in the mold 
5 increases. 

EXAMPLE 6: Effect of reducing liquid/powder ratio during compression of the 
CPC paste in the mold on compressive strength of ND-CPC block 

The procedures of EXAMPLE 1 were repeated except that the maximum 
10 pressure used to compress the CPC paste in the mold was changed from 166.6 
MPa to the values listed in Table 6. The liquid leaked from the mold during 
compression was measured, and the liquid/powder ratio was re-calculated as 
shown in Table 6. The period of immersion was one day. The results are 
listed in Table 6. 

15 
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Table 6 



Pressure for 
compressing the CPC 
paste in mold (MPa) 


L/P ratio (after a 
portion of liquid 
removed) 


Compressive 
strength (MPa) 


Standard 
deviation (MPa) 


1.4 


0.25 


26.4 


1.4 


34.7 


0.185 


75.3 


3.9 


69.4 


0.172 


100.4 


6.8 


156.2 


0.161 


138.0 


8.2 


166.6 


0.141 


149.2 


12.9 



The data in Table 6 show that the compressive strength of the CPC block 
increases as the liquid/powder ratio decreases during molding. 

5 

EXAMPLE 7: Effect of temperature of the immersion solution on compressive 
strength of CPC block 

The procedures of EXAMPLE 1 were repeated except that the temperature 
of the immersion solution was varied, and the maximum pressure used to 
10 compress the CPC paste in the mold was changed from 166.6 to 156.2 MPa. 
Two different temperatures of the Hanks' solution were used, one is 37°C, and 
the other is 90°C. The period of immersion was one day. The results are 
listed in Table 7. 

15 Table 7 





Compressive strength (MPa) 


Standard deviation (MPa) 


Hanks' solution-37°C 


138.0 


8.2 


Hanks' solution-90°C 


113.7 


4.1 



The results in Table indicate that a higher temperature adversely affect the 
compressive strength of the CPC block. 



20 EXAMPLE 8: Effect of post-heat treatment on compressive strength of CPC 
block 
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The procedures of EXAMPLE 1 were repeated. The period of immersion 
was one day. The CPC blocks after removing from the Hanks' solution were 
subjected to post-heat treatments: 1) 50°C for one day; and 2) 400°C for two 
hours with a heating rate of 10°C per minute. The results are listed in Table 8. 



5 

Table 8 





Compressive strength (MPa) 


Standard deviation (MPa) 


No post-heat treatment 


149.2 


12.9 


50°C, one day 


219.4 


16.0 


400°C, two hours 


256.7 


16.2 



It can be seen from Table 8 that the post-heat treatment enhances the 
compressive strength of the CPC block. 

10 

Although the present invention has been described with reference to 
specific details of certain embodiments thereof, it is not intended that such 
details should be regarded as limitations upon the scope of the invention except 
as and to the extent that they are included in the accompanying claims. Many 
15 modifications and variations are possible in light of the above disclosure. 
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